The aerodynamic parameters of ducted fan micro aerial vehicles (MAVs) are difficult and expensive to precisely measure and are, therefore, not available in most cases. Furthermore, the actuator dynamics with risks of potentially destabilizing the overall system are important but often neglected consideration factors in the control system design of ducted fan MAVs. This paper presents a near-hover adaptive attitude control strategy of a prototype ducted fan MAV with actuator dynamics and without any prior information about the behavior of the MAV. The proposed strategy consists of an online parameter estimation algorithm and an adaptive gain scheduling algorithm, with the former accommodating parametric uncertainties, and the latter approximately eliminating the coupling among axes and guaranteeing the control quality of the MAV. The effectiveness of the proposed strategy is verified numerically and experimentally.
Introduction
The ducted fan micro aerial vehicle (MAV) with small size and compact structure is used mainly for low-speed flight missions in addition to hover, vertical takeoff, and landing capabilities. Compared to a conventional configuration micro unmanned helicopter (MUH) or a multi-rotor craft (MRC), the ducted fan MAV is a much safer platform since its propeller is mounted inside the duct which can act as a shield
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to avoid the risk of injury. The MUH and MRC, however, are rather dangerous due to the exposed rotor blades.
Although many related research was previously almost under stagnation, ducted fan MAVs have recently attracted great interest, such as Cypher [1] , iSTAR9 [2] , and HoverEye [3] . Again, the studies have been conducted for ducted fan MAVs, mainly including multidisciplinary design optimization [4, 5] , system modeling [6] [7] [8] , and control design [9] [10] [11] [12] . As for the control design, Pflimlin systematically developed the aerodynamic model and the attitude and position control systems for a ducted fan MAV with considering the crosswind, gyroscopic coupling and unknown aerodynamics, and successfully demonstrated the proposed control strategies on the HoverEye platform [13, 14] . The results of these investigations have certainly shown that the proposed control strategies, mainly based on decoupling and backstepping techniques, can significantly enhance the flight performance of the MAV with guaranteed stability. Sliding mode techniques are developed for improving the control qualities of ducted fan MAVs in [15, 16] , which show superior performance over classical control techniques when variations in vehicle dynamics and actuator characteristics are introduced. Spaulding [17] adopted a nonlinear dynamic inversion method, and Chwa [18] proposed a compensator to accommodate for the effect of the actuator dynamics. However, most of these methods heavily rely on accurate dynamic models that are difficult to obtain, and the resulting performance is deteriorated in practical applications, especially in the presence of measurement noises. Other existing methods include PID control [19] , linear-quadratic regulator (LQR) [20] , robust control [21, 22] , neural adaptive control [23] , fuzzy control [24, 25] , and nonlinear feedback control [26] , etc. The actuator dynamics, however, have not been systematically considered, derived, and applied in the control system design.
Overall, most related studies reported in the literature are based on the assumption that the actuator dynamics are fast enough to be negligible. However, the actuators actually show limited performance in real situations and, accordingly, the control qualities would be severely degraded if the actuator dynamics are neglected.
In this study, a near-hover adaptive attitude control strategy is designed for a prototype ducted fan MAV. The combination of online parameter estimation and adaptive gain scheduling algorithms in the proposed strategy can accommodate parametric uncertainties and approximately eliminate the coupling among axes, which can simultaneously lead to enhance the resulting performance. The proposed strategy is tested and the results also illustrate that it can significantly improve the flight performance of the MAV. This paper is organized as follows: Section 2 is devoted to the description of the attitude control problem of the prototype ducted fan MAV. The adaptive attitude control strategy of the MAV with actuator dynamics is formulated in Section 3, and experimental tests are presented in Section 4. The last section offers conclusions.
The Attitude Control Problem Statement of the Prototype Ducted Fan MAV
The prototype small-size ducted fan VTOL MAV, 0.8 m in height and 0.55 m in diameter, is shown in Figure 1 . A duct is formed through the fuselage, and a ducted fan is mounted to the middle portion of the fuselage. Four deflecting vanes are mounted along the longitudinal and lateral axes of symmetry below the fan to provide pitch, roll, and yaw movements. Most of the anti-torque generated by the ducted fan is compensated by the stators configured inside the duct while the remaining anti-torque is balanced by the deflecting vanes. A cent-symmetric landing gear consisting of four legs, i.e., left, right, front, back, made from glass fiber reinforced plastics is installed on the MAV. Ducted fan aerodynamics has been discussed in more detail in listed references. A total of four servo motors are installed on the fuselage. The movements of the servo motors can change the direction of deflecting vanes, enabling the MAV to fly in all directions (forward, backward, left, right, etc.). The movements of the left and right servo motors in the same directions can achieve pitch movement, while the movements of the front and back servo motors can achieve the roll movement. The movements of the opposite servo motors in the opposite direction can compensate the remaining anti-torque and further achieve yaw movement. Mathematically, the control allocation strategy is represented as:
The rotational speed of the ducted fan is maneuvered by one other servo motor to provide sufficient thrust force to lift the MAV. There is a sensor unit installed on the MAV to provide the flight controller with feedback signals containing measurement noises that increase the chatter in the input signal of actuators through feedback paths.
We assume that the fuselage is a rigid body. The nonlinear kinematic equations can then be defined as follows:
where T , , ,θ, , , , ,
; Θ represents the aerodynamic parameter set, which is not available in most cases.
The nonlinear system can be linearized near the hover flight condition and the linearized model is given by: 
. e X and e U are the trim state and input vectors, respectively. However the determination of the trim condition is quite complicated due to the uncertainties in Θ . Therefore, the estimates of e X and e U are, respectively, denoted by:
Equation (3) should be rewritten as:
Note that , A B and E are also unknown. The MAV is used mainly for low-speed flight missions. However, unique pendulum-like motions of the MAV naturally arise from the unique symmetrical structure. The underdamped oscillatory modes consist of pitching and rolling moving oscillations with negligible vertical motion. The phenomenon of low amplitude self-sustained pitching and horizontal moving oscillations, for example, is more likely to occur in hover mode, as shown in Figure 2 . Alternating flight speed u increases from zero at time 0 t to a maximum value at time 1 t in one direction, and decreases back to zero at time 2 t ; it then increases to a maximum value at time 3 t in the opposite direction and again decreases to zero at time 4 t . Alternating pitch angle θ changes in a similar manner, but there is a 90° phase difference between alternating pitch angle and alternating flight speed. The development of a near-hover flight control system for the prototype MAV to avoid pendulum-like motions and endow it with good flying qualities is still a challenge since the dynamics are fully coupled and subject to parametric uncertainties. In addition, the actuator dynamics also add complexity to the development.
The Adaptive Attitude Control Strategy of the MAV with Actuator Dynamics
As the MAV is axis-symmetric, the pitch and the roll dynamics have a similar property. For this reason, this study is focused on the adaptive attitude control strategy of the pitch axis. Without loss of generality, the strategy can also apply to other axes.
The Online Parameter Estimation Method for the MAV
Referring to Equation (5), the linearized model of the pitch axis is given by:
where
is the corresponding element of E , which is added to represent the unknown trim error. Given the corresponding wind tunnel test data, there exists
. Thus, Equation (6) can be simplified as:
For simplicity in the design, the transfer function of the actuator is specified by the input-output relation:
It must be pointed out, however, that the proper control system for the electric servo actuator can easily be developed by means of cascade compensation networks or an actuator compensator, and many related algorithms are available for a high-performance servo control system in the literature.
Substituting Equation (8) into Equation (7) yields:
where a T andM  should satisfy the following constraints:
which explicitly indicate that actuator dynamics can potentially destabilize the overall system of the MAV. We now define the identification model of the system in Equation (9) as follows: 
where the identification parameters should satisfy the following constraints:
The error between m q and q is expressed as:
Substituting Equations (9) and (11) into Equation (13) 
However, , , ,δ
u w p and δ rotd are also difficult to measure and are, therefore, not available.
According to linear system theory, Equation (14) can then be approximately represented as: 
. We can therefore conclude that V  is negative definite only if:
where 
In fact, a similar reasoning can be made for the system given by Equation (14) , and the global asymptotic convergence of the error e is guaranteed under the constraint in Equation (18) . In particular, the Constraint (18) holds if the parameter regulation algorithm is represented as:
where ( ) 
The identification parameters can therefore quickly converge to the corresponding parameters of the plant in Equation (9) , because ε f is optional and can largely contribute to the convergence. To suppress the possible oscillations of identification parameters, the variation rate of Κ is assumed to be bounded by the optional upper bound ϒ :
Remarks i. As for the constraint given by inequality (10), on the one hand a T should be chosen small enough such that inequality (10a) holds at any time, but on the other it is necessary beforehand to add a feedback signal like 0 q k q to the input signal δ piti without any modification of the parameter regulation strategy if inequality (10b) cannot hold in some cases, where 0 q k is used to guarantee the stability of the plant. ii. The importance of the proper choice of ( ) f G s has been mentioned above. Here we assume that:
Thus, for any variable of interest χ , we have: Thus, we can conclude that the adaptive laws given by Equations (19) and (20) are computable.
iii. ε f can be chosen as ( ) 
The Adaptive Gain Scheduling Algorithm
To realize the adaptation of the control gains of the plant and reduce the chatter in the input signal of the actuator, we employ the following control law: 
As a matter of fact, changes in , , ,δ rol u w p and δ rot occur slowly and are constrained within relatively tight bounds because the MAV is used mainly for low-speed flight missions, which means , , ,δ rol u w p     and δ rot  remain relatively small. Furthermore, a T is also very small. Thus, we can conclude that δ e can be negligible. Equation (25) 
The combination of online parameter estimation and the adaptive gain scheduling algorithms can accommodate parametric uncertainties and eliminate the cross coupling among all axes, thus improving the control quality of the MAV. The conventional PD control law can then guarantee the attitude control performance:
where: 
Numerical and Experimental Tests
The performance of the proposed strategy is demonstrated for the prototype ducted fan MAV. The predefined parameters are given as follows: 
The proposed strategy is first implemented in a numerical simulation based on the data-based dynamics model. It is then applied to the MAV to evaluate the flight performance.
Numerical Simulation
For the pitch axis of the MAV, the simulation is conducted to evaluate the step response performance using the data-based dynamics model in [27] . It is illustrated from Figure 3a that the proposed strategy can achieve good dynamic performance within a short period of time even without any prior information about the behavior of the MAV. As shown in Figure 3b ,c, the response of the model can match rapidly and approximately with the real response even within the first period of the square wave signal; the tracking error can remain in a bounded range for the aggressive maneuvers, which demonstrates the improved tracking accuracy in the simulation. The outputs of the roll axis caused by the coupling among axes, shown in Figure 3d ,e, also remain bounded. Therefore, the proposed strategy can improve the control qualities of the MAV. Meanwhile, the parameter estimation algorithm has a good convergence property and achieves a guaranteed model reference tracking performance. 
Near-hover Flight Tests
The control software system runs on a high performance DSP-based hardware platform (TI TMS320F28335) with a control period of 10 ms. The platform also provides a high precision timer, eight 16-bit pulse width modulation (PWM) channels for controlling the actuators of the MAV and several serial ports for data transmission and communication with external devices. The light-weight The performance of the proposed strategy is first evaluated at low speeds where a square pattern is flown. The noisy tracking error, shown in Figure 5c , is within an acceptable range. The ground track view of trajectory, shown in Figure 5g , illustrates that the proposed strategy can almost eliminate the moving oscillations during the whole test process even though there exists the significant coupling between the pitch and roll axes shown in Figure 5e . We can therefore conclude that the proposed strategy can achieve a guaranteed flight performance. However, the flight test results of the conventional controller implemented through the widely used Pixhawk autopilot module, shown in Figure 6 , appear to deteriorate significantly, mainly because the conventional controller cannot accommodate the unknown system parameters or eliminate the coupling among axes.
The results also show that the variations of the attitude angles and the dynamic displacements increase significantly, and the moving oscillations are quite obvious when the MAV is commanded to perform the same flight mission. The comparison of the above two flight test results have further verified the proposed strategy performs better than the conventional controller near hover.
Conclusions
This paper presents the near-hover adaptive attitude control strategy of the prototype ducted fan MAV with actuator dynamics and without any prior information about the behavior of the MAV. The proposed strategy consists of the online parameter estimation algorithm and the adaptive gain scheduling algorithm, with the former accommodating parametric uncertainties, and the latter approximately eliminating the coupling among axes and guaranteeing the control quality of the MAV, thus minimizing the moving oscillations. The numerical and experimental test results have illustrated that the proposed strategy significantly improves the control qualities of the MAV. Moreover, most existing control methods would require accurate models, while the proposed strategy does not. 
